Data are presented from a novel microfocus X-ray generator installed with a choice of ellipsoidal specularly re¯ecting mirrors. Diffraction data from proteins show the useful¯ux from this low-power device to be approaching equivalence with that from many far more powerful generators. Intensity measurements show that for small crystals the brilliance is now restricted by the performance of the mirror, which appears to be limited by imperfections in the ®gure of its surface rather than by a low re¯ectivity. Suitable choices of ellipsoidal mirror enable the size and divergence of the X-ray beam to be altered readily to match the different requirements of successive samples and appropriate designs are proposed. Alternative types of mirror are expected to be advantageous, especially for the smallest crystals. For crystals of sizes 300 mm or less, which need a small well collimated beam with low divergence, the output from this X-ray tube running at 24 W provides a usablē ux similar to that available from rotating-anode generators. The relative performance of this tube and mirror combination becomes increasingly advantageous with the study of eversmaller crystals.
Data are presented from a novel microfocus X-ray generator installed with a choice of ellipsoidal specularly re¯ecting mirrors. Diffraction data from proteins show the useful¯ux from this low-power device to be approaching equivalence with that from many far more powerful generators. Intensity measurements show that for small crystals the brilliance is now restricted by the performance of the mirror, which appears to be limited by imperfections in the ®gure of its surface rather than by a low re¯ectivity. Suitable choices of ellipsoidal mirror enable the size and divergence of the X-ray beam to be altered readily to match the different requirements of successive samples and appropriate designs are proposed. Alternative types of mirror are expected to be advantageous, especially for the smallest crystals. For crystals of sizes 300 mm or less, which need a small well collimated beam with low divergence, the output from this X-ray tube running at 24 W provides a usablē ux similar to that available from rotating-anode generators. The relative performance of this tube and mirror combination becomes increasingly advantageous with the study of eversmaller crystals.
Introduction
This paper reports early experiences with a microfocus X-ray tube made for commercial production based upon the prototype described by and utilizing the focusing properties of the ellipsoidal mirrors reported by . The prototype tube, which was not operated at power greater than 9 W or 25 kV, used a tungsten-®lament emitter within a continuously pumped tube, as distinct from the sealed-tube generator with¯at barium dispenser cathode now in production. The aim of the present investigation was to characterize the performance of the ®rst generators of this design manufactured by Bede Scienti®c Instruments Ltd (Durham, UK) under licence from the MRC, and to assess this against the performance of alternative generators and optical systems now available for laboratory use, making special reference to the requirements for optimum collection of diffraction data from macromolecular crystals. No measurements have previously been reported of the long-term and short-term stability of the combined microfocus tube plus mirror installation. During the summer of 1998, we received a MicroSource tube (Serial No. 10010 with control unit 40008) on loan for several months from Bede for purposes of evaluation of the performance of this particular implementation of the original design. The`Medium Ellipsoid' mirror provided (Serial No. ME11.1) had been designed for general utility to produce a balanced compromise between the lowest cross-®re and the highest intensity. For one week during March 1999, we were loaned a more recent X-ray tube (Serial No. 10024 with control unit 40014) and a`Small Ellipsoid' mirror (Serial No. SES03-04) made to a different design for reduced cross-®re in the beam.
When the original design parameters of this system were ®rst considered, the required goal was to obtain a focused X-ray beam of suitable dimensions and cross-®re (convergence or divergence) to match crystalline samples with diameters in the range 300±500 mm and mosaic spreads of about 1 mrad. Recent advances elsewhere have led to data collection now mostly utilizing crystals which have been rapidly frozen, a process which often increases their mosaic spread. In consequence, there is now an increased interest in crystals which are very small and those which have a somewhat larger mosaic spread. This has changed the principal requirements for an in-house generator towards requiring a much smaller focused beam but with less stringent restraints upon the acceptable cross-®re. A signi®cant advantage, in theory, of using the collimated beam from a microfocus X-ray tube with adjustable electron focus is the ease with which the beam can be optimized over a varied range of requirements. The choice of parameters is discussed below, together with the constraints which, in practice, limit the simultaneous realization of all goals.
Experimental arrangement
The early MicroSource tube was installed for use with an image-plate scanner system which is a prototype of the 180 mm MAR scanner, but has in-house designs for collimator, backstop, goniostat and control software. We constructed a tube mounting, enabling alignment of the small lightweight microfocus tube to the much larger (®xed) diffractometer. The initial design of the mounting stand was modi®ed through experience of the stringent demands of maintaining accurate alignment of a 300 mm diameter beam at a distance of up to 1 m from the X-ray source, whose own focal size is only 15 mm.
The more recent tube arrived complete with its own mounting stand and was installed for use with a standard 300 mm MAR scanner, enabling use of the normal slits, ionization chambers and backstop. Fig. 1 shows this arrangement, with the control box being the single module visible below the table-top of one of our safety enclosures. The MicroSource tube, with a Re¯ex ellipsoidal mirror whose mounting was directly attached to the tube casing, was on a stand which permitted small rotations of the entire assembly about both a horizontal and a vertical axis and also linear translations along horizontal and vertical lines. It was operated at 40 kV and 0.6 mA (power 24 W). The diffractometer could be regarded as if it were ®xed.
We have operated the X-ray tube at a power of up to 30 W, with an electron focus of 15 Â 75 mm viewed at a take-off angle of 12 to give a foreshortened isometric beam 15 mm in diameter. In all our stability and¯ux measurements, we used air-®lled ionization chambers, sometimes ®tted with a balanced pair of nickel/cobalt ®lters (Ross, 1928) . Where it was necessary to restrict the measurements to a narrow X-ray wavelength band centred on the Cu K line, we used the differences between the response with a nickel -®lter and a balanced cobalt -®lter. All measurements were performed within the established linear range of the ionization-chamber ampli®er. Ionization chamber readings vary by 1±2% in line with changing barometric pressure.
Comparative measurements were made with two rotatinganode X-ray generators, each ®tted with a pair of Franks mirrors (Kirkpatrick & Baez, 1948; Franks, 1955) . The ®rst was an Elliott GX-13 operated at 40 kV and 60 mA (power 2400 W) equipped with Supper mirrors; the second was a Rigaku RUH3R-HB operated at 50 kV and 100 mA (power 5000 W) equipped with MSC Yale mirrors. Both these rotating-anode generators (RAG) had adjustable mirror systems and the diffractometers were aligned to the focused X-ray beam.
Present performance
The ®rst comparative intensity measurements on the focused direct beam were reported by Bloomer & Arndt (1998) , showing that the¯ux incident upon a 300 mm diameter sample from the microfocus tube was about 35±40% of that from the GX-13 in our laboratory. Details of that comparison are given in Table 1 , which also includes more recent data both from a rotating-anode generator RUH3R-HB newly installed in this laboratory and from the second microfocus tube, which The MicroSource tube installed with a 30 cm MAR scanner.
generates at least twice the¯ux of the earlier tube. These data are also presented on the scale of relative intensities used by the MAR ionization chambers, which will be widely recognized. The intensities predicted by based on a power dissipation seven times greater than that in their prototype now appear to have been veri®ed.
A lysozyme crystal was initially mounted on the ®rst MicroSource and then mounted on a GX-13 and diffraction images were obtained under as closely similar conditions as possible, though there were inevitable differences in the collimator aperture or slit settings and in the two beamstops used. When these single images were processed and scaled against standard lysozyme data, the mean intensities were in the ratio of about 1:8, with a better signal-to-noise ratio for the weaker MicroSource data; however, the unavoidable differences between these two data-collection experiments preclude detailed analysis. Complete data sets from proteins were collected and processed satisfactorily, with a typical image being shown in Fig. 2 from a frozen crystal of the Fab fragment of the CAMPATH-1H antibody (James et al., 1999) . Table 2 shows the statistics for three data sets collected in rapid succession from the same crystal of lysozyme; the ®rst was obtained using the early MicroSource, the second with the GX-13 with standard MAR slit settings of 0.3 mm and the third with the GX-13 with the slits narrowed to 0.2 mm. This third data set served as an internal comparison. The same exposure times and detector distances were used throughout. The ratio of mean intensity is about 1:9:4, but the quality indices are broadly similar, indicating that these are not limited by photon statistics. The estimated standard deviations vary far less with resolution for the MicroSource data than for the GX-13 data, and the low-resolution intensities are so different that further investigation is needed. More recent data sets collected with the second MicroSource system with its better focusing mirror suggest that for small lysozyme crystals, the mean diffracted intensity is about 70% of that normally achieved with our GX-13 generators (Gwyndaf Evans, personal communication); the ratio of mean intensity therefore becomes about 6:9:4, even though the mirror in this second system is a small ellipsoid with a lower convergence angle in the beam. The most reasonable explanation for this is that the more recently manufactured tube and mirror deliver improved performance.
Observed differences between the ratio of the diffracted intensities and that of the incident¯uxes highlight the need for comparisons to take full account of all parameters. The incident intensity achievable depends on the quality of both the electron focus of the source and the focusing collimators, whereas the diffracted intensity also depends on illuminated volume and other crystal factors. We studied the effect of varying the operating beam current: Table 3 shows the Table 1 Relative intensity measurements.
Further details of the X-ray generators are given in the text.
(a) Earliest comparison. Intensities are expressed on arbitrary scale, I LMB , of our ionization chamber. All these measurements are of intensity through a 300 mm diameter sampling aperture at 600 mm from the source. increases in incident intensity per unit area which were observed with decreasing sample diameters; these do not change as the current increases from 0.1 to 0.5 mA. This con®rms that the apparent size of the electron focus on these tubes does not increase with beam current over the range 0.1±0.5 mA studied here; the relative advantages of a microfocus source for smaller crystals should therefore be maintained if increased power loadings on the electron target become achievable. Simulations have suggested that if it were possible to increase the tube current beyond this range, the use of an immersion objective as the magnetic focusing lens of the X-ray tube may become necessary in order to preserve a small electron focus.
X-ray tube stability
The short-term X-ray stability is excellent once the tube has reached thermal equilibrium. Very great care was necessary in the design and construction both of the adjustable mirror mounts which are attached to the tube and are used to move the mirror with respect to the tube focus and of the adjustments which align the tube±mirror assembly with respect to the crystal. For a stringent test, we have monitored the intensity passing through a sample aperture of 300 mm over periods of many hours.
With the second tube, which was operating at 24 W (40 kV, 0.6 mA), we observed no drop in output intensity over the entire one-week period available for observation. With the earlier ®rst tube, whose output was always three or more times less intense than that of the later tube, we observed no drop in output intensity during a period of more than one week when the operating power was less than 18 W. When the power was between 18 and 25 W, its measured intensity fell by up to 20% in the ®rst 24 h but then remained constant. Only when the power exceeded 25 W did we suspect some target damage, and even then the target was not pierced and the inital intensity was regained after we applied a slight de¯ection of the electron focus onto a different area on the surface of the target. Aspects of this time-dependent decrease remain to be fully understood, but its exact course appears to be determined by the initial smoothness of the target surface, according to the following considerations.
We shall assume that the target is covered with a roughened copper layer which has a linear absorption coef®cient, ", of 75% of that of bulk copper and is thus equal to 0.035 mm À1 . This layer has no effect other than that of attenuating the X-rays generated at some depth z within the target. The initial thickness of this roughened layer may be taken as somewhere between 0.4 and 3 mm. In engineering practice, surfaces with these peak-to-peak roughnesses are referred to as having à mirror ®nish' and a`smooth ®nish'. (To give an adequate re¯ectivity, an X-ray mirror surface must be much smoother than an optical mirror surface and needs to have an r.m.s. peak-to-peak roughness of less than 20 A Ê .) The effect of the choice of take-off angle, 9, is shown in Fig. 3 , from which it is seen that the intensity I emerging at angle 9 through a layer of thickness z is I = I O exp[À("z/sin9)], where I O is the intensity generated. Thus, it is seen that dI/dz = ÀI O (m/sin9) Âexp[À("z/sin9)] and hence dI/I = Àdz("/sin9).
Therefore, dI/I lies between 6.7 and 50% for a 12 take-off angle, but only between 2 and 15% for a 45 take-off angle. This model and the estimates suggested by it for the intensity reduction make no claim to any precision, but they do illus-
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HEWL data collected as 45 or 47 frames, width 1 , distance 120 mm, exposure 3 min, room temperature, data processing from 80 to 2.5 A Ê . Images were processed by MOSFLM (Leslie, 1992) and DENZO (Otwinowski & Minor, 1997) and scaled using SCALA from the CCP4 suite of programs (Collaborative Computational Project, Number 4, 1994) . Statistics from the image-processing programs are the apparent values of mosaicity and cross-®re as de®ned by each program. Statistics from SCALA include h'i, the observed r.m.s. scatter of observations, and hsdi, the average standard deviation derived from experimental variances after modifying appropriately to obtain a normal distribution of errors. Figures in parentheses and (%) 9.0 (15.3) 9.7 (12.9) 9.9 (13.5) Table 3 Size of focal spot does not increase with current up to 0.5 mA.
Incident intensity through a sampling aperture of given diameter was measured for the MicroSource tube operating at 48 kV with both 0.1 and 0.5 mA beam currents. These measurements were made with the early MicroSource tube and mirror ME11.1, but there is no reason to suspect that this relationship between beam current and focused¯ux will differ between different tubes.
Diameter trate both the importance of ensuring the smoothest possible target surface and also the greater latitude in quality of surface ®nish allowed with a larger take-off angle. It is well known that the output of X-ray tubes can decrease by up to 50% during the ®rst few hours of target life, almost certainly as a result of the roughening of the surface. Source uniformity owing to target roughness has been discussed by Wyckoff & Agard (1977) . The exact cause of this roughening when the hot spot has remained well below the melting point of copper is not known. The time required to evaporate a 0.1 mm thick layer of copper is 5.6 Â 10 10 h at 800 K and is still 2.4 Â 10 6 h at 1000 K; the cause of surface damage is therefore not a simple thermal one.
Lifetime of X-ray tube and mirrors
The earlier tests reported were carried out on a tube equipped with a tungsten ®lament instead of the present barium dispenser cathode, and these ®laments had unacceptably short lifetimes. Our present tubes are very much better: we have already operated the ®rst tube for over 5000 h (7 months), usually at its full power of 24 W, without observing a decrease of cathode emission onto the electron target.
The speci®c power loading at the upstream end of a mirror positioned at x 1 = 11 mm from the target of a MicroSource operated at 24 W is less than that of a mirror positioned at x 1 = 80 mm from the target of a rotating-anode generator operated at 4000 W by a factor of (4000/24) Â (11/80) 2 9 3.15. Consequently, one would expect the mirror to last 3.15 times longer in the MicroSource beam as compared with the mirrors used in a rotating-anode generator.
Insertion gain
A quantity which is easy to determine for any focusing element is the`insertion gain'. For this measurement, a small aperture is placed at the focus of the mirror and the intensity of the X-rays passing through this aperture is recorded both with the mirror in position and with the mirror removed. The insertion gain is the ratio of these two intensities. The gain thus de®ned is not a single quantity but is a function of the aperture size. We have mounted a series of apertures of different diameters on the spindle axis of our goniometer and brought each in turn into the X-ray beam. The beam was not restricted by any other aperture smaller than at least twice the diameter of our largest sampling aperture.
In calculating the theoretical performance of a mirror with a microfocus X-ray tube, one may make two assumptions: (i) that the mirror forms a true image of the X-ray source at its focus with a predictable magni®cation and (ii) that the re¯ectivity of the mirror surface expressed as a function of the angle of incidence can be calculated on the basis of Fresnel's formula modi®ed by a reasonable estimate of the surface roughness of the mirror. We show here that the calculated insertion gain of our mirrors derived in this way is up to 30 times greater than the observed value. In attempting to improve the performance of the mirrors and even in deciding which type of mirror to use, it is important to know where the above assumptions break down.
Ellipsoidal mirrors
The characteristics of ellipsoidal mirrors can be tailored according to the particular diffraction problem under investigation by a suitable choice of the mirror parameters (Fig. 4) . These are: 2a, the major axis of the ellipsoid; x 1 and x 2 , the distances from the source of the upstream and downstream ends of the mirror; y 1 and y 2 , the radii of the ellipsoid at positions x 1 and x 2 .
The largest angle of incidence on the re¯ecting surface of the mirror occurs at its upstream end, where it is chosen to be equal to c , the critical angle for total external re¯ection at the given wavelength. The radii of the ellipsoid are therefore given by
The cross®re, 2 (the angle between extreme rays striking the specimen at the mirror focus), is determined by the angle subtended at this focus by the exit pupil of the mirror and is therefore given by 2 2y 2 a2a À x 2 X Figure 4 The form of the elliptical mirror. The major axis 2a may be in the range 75±1500 mm, whereas the exit aperture 2y 2 lies in the region 0.4±2.4 mm. The angle 2 determines the cross-®re on the sample and is in the range 1.5±10 mrad (0.09±0.6 ).
Figure 3
The in¯uence of the take-off angle on absorption by the target of the X-rays generated within it.
A low cross®re, therefore, requires a long mirror-to-crystal distance and/or small-radius ellipsoid which, in turn, necessitates a short mirror-to-source distance. The solid angle subtended by the mirror at the source, , determines the fraction of the generated X-rays which is collected by the mirror. This angle is given by
such that the highest collectable intensity requires a short distance from mirror to source and/or a long ellipsoid of large radius. X-rays re¯ected by a point on the mirror are`magni®ed' by the ratio of the distances of that point from the image and from the source, where the magni®cation is the ratio of the diameter of the focused image to that of the original X-ray source. The two extreme values, M 1 and M 2 , the magni®cations at the entrance and exit pupils of the mirror at x 1 and x 2 , respectively, are
For a typical ellipsoid, M 2 is always smaller than M 1 by a factor in the range 1.5 to 3 or 4. This variation of magni®cation along the length of the mirror means that these glancing-incidence ellipsoidal mirrors cannot form a true image at the`focus' for a non-zero source size and therefore suffer from extreme coma aberration (Wolter, 1952) . However, the images formed by downstream elements of the mirror will always fall inside the diameter of the image produced by the upstream part of the mirror, so that all the focused beam diameters calculated here on the basis of M 1 give an upper limit to the focal size [whereas the magni®cations used by Arndt and co-workers (Arndt, Duncunb et al., 1998; were the geometric mean of M 1 and M 2 ].
From Liouville's theorem, it follows that the ratio of the angle of collection of rays into a focusing element to the angle of cross-®re of the rays emerging from it is equal to the magni®cation produced by that element, which is the ratio of the distances from the element to the focused image and to the source. This constraint prevents the mirror parameters from all being simultaneously optimized and necessitates either a compromise design or the use of a variety of different mirrors for different purposes. Table 4 shows mirror parameters calculated for different values of x 1 and 2a chosen to give different focused X-ray beam diameters at the sample. The length of the mirror, x 2 À x 1 , has been kept constant throughout at 20 mm. The greatest ef®ciency in diffraction data collection results when the beam diameter is equal to the sample diameter; thus, the magni®-cation M 1 has been varied keeping the source size ®xed at its present value of 15 mm. The overall distance from source to sample, 2a, being the major axis of the ellipsoid, is wholly determined by the choices made for x 1 and M 1 . It will be seen from the table that, especially for a small beam diameter, a large value of necessarily results in a large cross®re 2 and requires a short distance x 1 . Low cross®re requires a long distance x 1 and higher values of magni®cation M 1 . In practice, it is not always possible to achieve the exact design value of 2a, the major axis of the ellipsoidal mirror, owing to manufacturing errors in the surface ®guring. The dif®culty of producing toroidal mirrors increases as the diameter decreases. It is this fact which sets a practical lower limit to y 1 and thus to x 1 .
It should be noted that a more favourable compromise between the requirements to make both the cross®re and the beam size at the sample small is possible if the source size were smaller than 15 mm. This can be achieved by stronger focusing of the electron beam , which is only possible with a shorter focal length lens (an immersion objective), since use of an aperture in the X-ray tube would probably just reduce the tails of the electron distribution in the focus.
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The calculated cross®re 2, solid angle of collection , upstream and downstream radii y 1 and y 2 , respectively, and the smallest magni®cation M 2 are shown for a source of diameter of 15 mm with mirror of length 20 mm placed at varying distances, x 1 , from the source with highest magni®cation, M 1 , appropriate for crystal sample sizes ranging from 150 to 450 mm. Calculations are for gold mirrors for which the critical angle is 9.96 mrad for Cu K wavelength. Fig . 5 shows the measured diameter of the focused beam from an ellipsoidal mirror (ME11.1) as a function of distance from the X-ray source. There are two curves corresponding to two slightly different adjustments of x 1 , the distance of the mirror from the source. This mirror was designed to have a major axis of 600 mm and all of our measurements were made at this distance. The minimum beam diameter should occur at 600 mm distance, but the departure from the design parameters was such that the smallest beam was achieved at about 450 mm, which can be regarded as a`false-focus' position. Other mirrors have behaved in a similar way, although some have come close to the design performance (John Wall, personal communication). The variation in diameter of the X-ray beam re¯ected from an ellipsodial mirror has been illustrated elsewhere (Fig. 9 in , but a particularly clear view of the beam from mirror ME11.1 at a distance of 350 mm from the source, as recorded by a high-gain X-ray imager (XRI), is shown here in Fig. 6 , which distinguishes the annular focused beam and the central unfocused beam. All of our reported measurements with the second mirror (SES03-4) were made at an identi®ed`falsefocus' position, with a source-to-sample distance of 300 mm, whereas the design value was the same as that for ME11.1 with a focal distance of 600 mm.
The focusing ability of the present mirrors can be assessed by measurement of the insertion gain. With the measuring system already described, we have measured the insertion gain as a function of sample-aperture diameter for an ellipsoidal mirror (SES03-4) recently manufactured by Re¯ex SRO (Prague). The results shown in Fig. 7 demonstrate that the advantage of a focused beam over a pin-hole collimated beam increases for small-diameter samples, even for mirrors which are still far from perfect.
Even our best mirrors still fall far short of reaching their theoretical insertion gain. This can be calculated from the solid angles subtended at the source by the mirror and by the pinhole and from the mean re¯ectivity of the mirror, R, which depends upon ', the r.m.s. surface roughness of the mirror. Table 5 gives the insertion gains calculated for the values of ' and R and the measured values for mirror SES03-4. It is clear that one can expect considerably increased gains as the mirrors are further improved.
Between the ®rst and second mirrors which we studied, there was an approximate doubling in the number of photons focused into our sampling apertures of 0.15 and 0.3 mm, even though the second mirror was a small ellipsoid designed to give a smaller convergence angle at the crystal. This suggests that the techniques for manufacture of these mirrors are being developed rapidly, with immediate and obvious bene®ts. Beam re¯ected by mirror ME11.1 at a distance of 350 mm from the source. The picture was recorded by a high-gain X-ray imager (XRI). Black spots are blemishes on the face of the XRI. The central part of the image would not be visible with a low-gain XRI. Figure 5 Measured diameter of the focused beam from an ellipsoidal mirror (ME11.1) as a function of distance from the X-ray source. The two curves correspond to two slightly different adjustments of x 1 , the distance of the mirror from the source.
It should be noted that the comparisons of the X-ray intensity with and without the mirror were carried out with the sampling aperture at 300 mm from the source. This gives a somewhat more realistic comparison than the measurements presented earlier at 600 mm. Fig. 5 shows that the diameter of the re¯ected beam at these two distance are not very different; the solid angle subtended by the aperture without a mirror, of course, varies with the inverse square of the distance.
We have also measured the ratio of the X-ray¯ux through various apertures at the mirror focus to the¯ux falling on the mirror (SES03-04). We used sample apertures in the range 0.15±1.2 mm. Fig. 8 shows this ratio as a function of the aperture diameter and also the expected ratio of re¯ected to incident X-ray¯ux calculated for a range of mean re¯ectivities on the assumption that a fraction R of the incident X-rays reaches the focus. These horizontal lines should thus be reached asymptotically by the experimental curves at a focus of diameter M times the diameter of the source. For this particular mirror with magni®cation M 1 equal to 26.67, this should be reached at 0.4 mm for a source size of 15 mm. The mean re¯ectivity is very unlikely to be as small as 0.2, which would correspond to an r.m.s. surface roughness of about 17 A Ê . Therefore, most of the intensity losses can be attributed to aberrations in the mirror ®gure which result in X-rays being re¯ected well outside the geometrical focus. This argument can be used to show where and how the mirrors can be improved.
Separate experiments have established that the foreshortened source size of the X-ray tube (full width at 10% of maximum) is about 15 mm. The magni®cation of the mirror SES03-4, that is the ratio of the image to the object distance, is between 23 at the upstream end and 7.0 at the downstream end. This variation means the mirror cannot form a good image of this source. However, one might expect that all the re¯ected rays will pass through an aperture of diameter 23 Â 15 = 345 mm and that the intensity through apertures larger than this would not be greater. Our measurements presented in Fig. 8 show that the recorded intensity continues to increase with aperture diameter up to the limit of our measurements (which do not extend beyond 1.0 mm because there are other beam-limiting constrictions further upstream). Coma, therefore, is not the only cause of image broadening.
It can be seen from Measured ratio of re¯ected to incident X-ray¯ux and calculated values. Observed values of the ratio are plotted as a function of the samplingaperture diameter and also the expected ratio of re¯ected to incident X-ray¯ux calculated for a range of mean re¯ectivities. Measured insertion gain for mirror SES03-4 as a function of aperture diameter. Filled circles represent measured data points, empty circles represent data points obtained by extrapolation. (a) shows a linear relationship between log (gain) and log (diameter) and (b) shows the high insertion gains which can be expected for smaller sample diameters.
apertures of 300 mm and 150 mm diameter, respectively; therefore, there is scope for improvement by factors of 25 and 60, respectively, in the focusing for small crystals.
We have used the measurements of X-ray intensity through the series of apertures without the mirror being in position to determine I O , the intensity per unit solid angle emitted by the X-ray tube. From the known dimensions of the mirror we could calculate 1 and 2 , the solid angles subtended at the source by the entrance and exit pupils of the mirror, respectively, and thus the intensity incident on the mirror, I IN , where I IN = I O ( 1 À 2 ). In Fig. 8 , we show the ratio I F aI IN , where I F is the focused intensity through the apertures with the mirror in position. If the image produced by the mirror were perfect and had a diameter of $200 mm, then for aperture diameters larger than $200 mm we should be able to write I F = I IN R, where R is the mean re¯ectivity of the mirror surface averaged over all angles of incidence on the mirror.
We have determined the re¯ectivity R in the following way. We measured I M , the total radiation at the immediate exit of the mirror. I M radiation reflected by mirror radiation not striking mirror
We found R = 0.53. This value is high, because I M includes radiation scattered by the mirror as well as geometrically re¯ected X-rays. Nevertheless, this result seems to indicate that the low experimental value of I F aI IN is a consequence of imperfections in the ®gure of the mirror rather than of a low re¯ectivity. This is a hopeful conclusion, in that improvements in the long-range perfection of the mirror surface can be expected to produce large increases in the intensity of the focused X-ray beam.
Conclusions
The performance of the MicroSource system as studied here has been shown to be equivalent to that of many laboratory rotating-anode generators, though it does not yet surpass the most powerful of the latest modern high-powered tubes with focusing monochromators. The ®rst ellipsoidal mirrors have achieved signi®cant focusing which appears to be limited by the precision of the surface ®guring rather than its re¯ectivity. This indicates that considerable improvements in the mirrors can be expected. It is already clear, however, that the combination of its present performance and future promise with the¯exibility of its modular design, which allows easy interchange between mirrors, and with its energy-saving minimal maintenance, enabling greatly reduced need for cooling water and electricity, will ensure that this tube has a central role within many laboratories where state of the art diffraction data are collected from macromolecular crystals.
